1 hexokinase, as this enzyme is known to be essential to overcome the rate-limiting step of 2 the glucose metabolism (22) and the rate-limiting step of the oxidative phosphorylation 3 (23).
4 Material and methods 5 Animals and intermittent fasting protocol 6 All animal procedures performed received prior approval from the Animal Use 7 Ethical Committee in the Health Science Center of the Federal University of Rio de 8 Janeiro (Rio de Janeiro, RJ, Brazil; Protocol CEUA/EEFD06). At the beginning of the 9 adaptation phase (one month), twenty-four, 60-day-old male Wistar rats were housed in 10 a climate-controlled environment (22.8 ± 2.0 °C, 45-50% humidity) with a 12/12-11 light/dark cycle with access to food and water ad libitum. Three weeks before the 12 beginning of the study, animals were acclimated to the experimental protocols: Two 13 weeks under the IF regimen followed by one week with the IF regimen plus HIIE (no 14 overload). The chow given to the animals was a standard laboratory chow Nuvilab CR-15 1 (Nuvital Nutrientes, Paraná, Brazil) with 22% protein, 8% fibers, and 4% fat. Animals 16 in control (C) and HIIE groups had access to food ad libitum during all the study while 17 those in IF and IF/HIIE groups were subjected to an every-other-day IF regimen. IF and 18 IF/HIIE groups were provided access to food ad libitum for 24 hours that was alternated 19 with 24 hours without food. Animals were weighed weekly in the morning before the 20 withdrawal or reintroduction of food. Food consumption was evaluated daily and the 21 intermittent fasting resulted in a 15% reduction in total offered calories. Importantly, at 22 the beginning of the study, animals already had reached 90-day-old (young adults), 23 avoiding influences of sexual maturation (30-40 days) (24) and musculoskeletal 24 development (25) in our analyzes.
1 High intensity intermittent exercise protocol and physical test 2 Groups HIIE and IF/HIIE performed 8 weeks of an interval swimming exercise 3 consisting of 14 repeated 20-second swimming bouts with weight (equivalent to percent 4 body weight) attached with 10 seconds rest between the repeats as described previously 5 (26) . Before the beginning of the study, animals were adapted one week to the aquatic 6 conditions by performing the exercise without an overload. An initial overload of 6% of 7 the body weight (bw) was attached to the animal during the swimming period. The load 8 was increased by 2% bw every two weeks. The HIIE protocol was performed exclusively 9 at Mondays, Wednesdays and Fridays during the protocol adaptation and continued 10 during the 8 weeks of the study. This routine was employed to avoid overtraining the 11 animals. Physical tests were used to determine changes in cardiorespiratory endurance in 12 the animals. Each test consists of the time swimming until fatigue under a 12% bw 13 overload, that was applied on three separate occasions: (1st) one day before day 0, (2nd)
14 at day 28, and (3rd) at day 56 (Fig 1 and 5A 9 buffer with the presence or absence of 5 mM sodium azide at 37 °C. After TCA 10 precipitation (20% w/v) and centrifugation (3000 x g for 15 minutes at 4 °C) the resultant 11 supernatant was collected and combined with ammonium molybdate and Fiske-12 Subbarow reducer. The absorbance was measured at 660 nm.
13 Protein oxidation 14 Protein oxidation levels were measured using the protein carbonyl content method 15 (PCC), as previously described (30) . Briefly, the blank sample was mixed with 2. To determine the adaptive changes on energetic metabolism and physical 20 performance induced by IF, HIIE, and their combination, the three regimens were imposed 21 on age-matched young adult Wister rats over 8 weeks (Fig 1) . Over the course of the 22 experimental conditions, the weight of the animals was tracked weekly and plotted in a 23 curve (Fig 2A) . The cumulative increase in the weight of animals on an ad libitum diet (C 24 and HIIE groups) is very apparent and the prevention of excessive weight gain in animals 1 Serum glucose uptake is integrated with hexokinase activity in IF/HIIE 2 group 3 To investigate how IF and HIIE could impact the systemic glucose availability and 4 metabolism, we measured the fasting blood glucose levels, rate of glucose uptake and 5 fasting serum insulin levels (Fig 3) . All groups presented similar values for fasting blood 6 glucose (Fig 3A) . Initially, the glucose tolerance test also showed similarities between 7 groups (Fig 3B) . However, an analysis of the area under the curve (AUC) revealed that the 8 IF/HIIE group presented a significantly faster glucose uptake (Fig 3C) . Glucose uptake 9 allied to fasting serum insulin levels that could present a predictive factor of insulin 10 sensitivity (32, 33). For this reason, we measured the fasting insulin level of the different 11 groups (Fig 3D) and we observed an important reduction for the IF/HIIE group followed 12 by the IF group. 
18
According to the literature, sugar transport has been integrated with hexokinase (HK)
19 activity in a cellular model (34). To test if this mechanism could explain observations in a 20 more complex system, we hypothesized that increased blood glucose uptake could be 21 integrated to an increased HK activity in multiple organs (Fig 4) . In the liver, we observed 22 that the IF/HIIE group had the highest HK activity followed by HIIE and IF groups, which 23 showed similar activity values (Fig 4A) . In heart, both IF and IF/HIIE groups showed 24 increased HK activity (Fig 4B) . In skeletal muscle, the IF/HIIE group had the highest HK 25 activity (6-fold increase) followed by HIIE group (3-fold increase). Taken together, the HK 1 activity data from all analyzed organs suggest that IF/HIIE group possess the highest values 2 for HK activity. Fig 6) . RCR is an reliable indicator of 6 mitochondria function, as high RCR usually indicates healthy mitochondria and low 7 RCR usually indicates mitochondrial dysfunction (42) . Initially, we analyzed muscle 8 fiber mitochondria oxygen consumption in the presence of complex I substrate, complex 9 II substrate, and ADP (State 3). We observed a higher O 2 flux rate related to ATP 10 production in IF/HIIE group, followed by both HIIE and IF groups individually, in 11 comparison to the C group (Fig 6A) . In the sequence, we added ATP synthase inhibitor 12 (State 4o). HIIE group presented a higher O 2 flux (Fig 6B) , indicative of increased proton (Fig 1) with an additional 21 month of adaptation prior to the start of the study.
22
Initially, we observed that the IF fasting protocol promoted a pronounced 23 protection against the weight gain observed in groups with food offered ad libitum (Fig   24 2A) . According to the literature, IF promotes activation of brown adipose tissue (12), 25 however, no noticeable difference in size or weight of brown adipose tissue was observed 26 in any of the groups (Fig 2B) . In contrast, IF and IF/HIIE groups presented an 1 expressively low visceral fat mass (Fig 2C) . We also weighed the liver and heart of the 2 animals, as these organs can suffer lipid accumulation in some diseases (50). Animals in 3 both the IF and IF/HIIE groups had smaller livers ( Fig 2D) and hearts ( Fig 2E) suggesting 4 that the normal diet offered ad libitum can induce aspects of obesity in young adult rats.
5 To investigate the possibility of muscular atrophy promoted by lack of physical activity 6 combined with reduced food offer in IF group, the weight (Fig 2F) and the CSA of 7 gastrocnemius were evaluated ( Figs 2G and 2H ). We observed lower weight and CSA of 8 gastrocnemius from IF group comparing to C group, however, the IF group presented 9 similar results to the C group in the physical tests (Fig 5A) . Surprisingly, the IF/HIIE 10 group showed an increase in myofibers CSA (Fig 2H) , statistically higher than CSA 
21
To evaluate the effects of IF and HIIE protocols on glucose metabolism, core of 22 energetic processes (55), we started measuring the fasting blood glucose (Fig 3A) , which 23 showed similar values for all groups. Next, we measured glucose uptake via glucose 24 tolerance test (Fig 3B) with AUC analysis (Fig 3C) and we detected a significantly faster 25 uptake of glucose in IF/HIIE group, similarly to observed by other groups (20, 37) .
26 Additionally, we measured the fasting serum insulin levels and we observed a significant 27 decrease of insulin levels in IF/HIIE group (53% reduction), followed by a smaller 1 reduction in insulin levels in IF group (37 % reduction). Lower levels of circulating 2 insulin were also observed in mice over-expressing follistatin-like 3 (56), a natural 3 blocker of activin/myostatin signaling, and possibly these groups (IF and IF/HIIE) may 4 have higher levels of follistatin-like 3, that could corroborate the effect proposed above 5 for IF in muscle hypertrophy through activin/myostatin signaling modulation.
6
To investigate the consequence of the observed increased in glucose uptake 7 combined with low levels of circulating insulin in the downstream of glucose metabolism 8 within the cellular milieu, we measured the activity of the first enzyme of the glycolysis, 9 HK (Fig 4) , whose activity is integrated with sugar transport (34). We observed a 10 synergic effect from the combination of IF with HIIE protocols in liver HK with an 11~130% increase versus the ~90% observed for both IF and HIIE alone (Fig 4A) . In 12 skeletal muscle HK, we observed a 3-fold greater HK activity in HIIE group compared 13 to controls that increased to 6-fold with the combination of HIIE with IF (Fig 4C). 14 Remarkably, the IF protocol alone showed no promotion of any adaptations in muscle 15 HK activity, yet its combination with HIIE doubled the HK activity in the IF/HIIE group.
16 In contrast, the activation of HK activity in the heart showed an association only with the 17 inclusion of the IF protocol (IF and IF/HIIE groups; Fig 4B) . This probably reflects an 18 effect of high acetate serum levels as described by Li, Xie (12) in work that used a similar 19 IF protocol. Furthermore, they also observed an increased level of circulating lactate 20 however we discard the influence of intracellular lactate since lactate were demonstrated 21 to reduce hexokinase activity (57).
22
The HK activity is closely connected with mitochondrial activity, since the 23 muscular isoform of this enzyme can bind to the mitochondrial membrane through 24 VDAC (58) that can positively modulate the activities of both (59). To identify a possible 25 consequence from the strong activation of HK in muscle of the IF/HIIE group, we 26 initially compared the results of the physical endurance test (Fig 5A) . 
